The effects of grape seed proanthocyanidins extract (GSPE, 3 mg in 100 g of high-calcium diet with a calcium content of 1697 mg/100 g) on rat metaphysis tibia formation following feeding of a low-calcium diet (30% of calcium in the standard diet) were investigated by examining bone density, mineral content, geometric and bone strength. Five-week old male Wistar rats (n‫)04ס‬ were randomly divided into a control (Co) group, a low-calcium diet (LC) group, a low-calcium diet • high-calcium diet (LCH) group, and a lowcalcium diet • high-calcium diet with supplementary GSPE (LCHG) group. The metaphysis tibia bones were analyzed using three-dimensional peripheral quantitative computed tomography (pQCT), while whole tibia bones were tested for mechanical resistance using a material testing machine. We found no significant differences in body weight among the 4 groups. All bone parameters in the LC group were significantly lower than these in the Co group (PϽ0.01). Furthermore, trabecular bone density (TrBD), trabecular bone mineral content (TrBMC), cross-sectional moment of inertia to the reference axis y (yCSMI), and stress-strain index to the reference axis x (xSSI) in the LCHG group were significantly higher than those in the LCH group (PϽ0.05; PϽ0.01; PϽ0.05; PϽ0.05, respectively), while stiffness in the LCHG and LCH groups were significantly higher than that in the LC group (PϽ0.01). We concluded that a mixture of high-calcium and GSPE in the diet has a more beneficial effect on bone formation for the treatment of metaphysis tibia bone debility in rats than does a high-calcium diet alone. during growth may result in a failure to reach peak bone mass 2) and produce a bone debility. Calcium intake has been reported to have a significant effect on bone formation when combined with flavonoids, such as ipriflavone, which has been used to inhibit bone resorption and acts as an inducer of isoflavone [3] [4] [5] [6] [7] . Compared to available information on the effect of isoflavone, these in little information on the skeletal effect of grape seed proanthocyanidins extract (GSPE), a kind of flavonoid, particularly during the critical growth and building periods of bone formation. Several experimental and clinical studies have shown that proanthocyanidins have a cholesterol-lowering effect 8) , cytotoxic effects on human cancer cells 9) ,
Introduction
A strong bone structure in young adulthood is an important factor for the prevention of osteoporosis and associated fractures later in life 1) . Bone is a tissue that is being constantly remodeled, and bone mass at any given time depends on the balance between the rate of osteoblastic bone formation and osteoclastic bone resorption, which are cellular functions controlled by various systemic and local factors. As a local factor, inadequate dietary calcium and cardioprotective properties 10) , as well as a stimulatory effect on angiogenesis in dermal wound healing 11) while not inducing significant toxicological effects 12) . In addition, based on their absorbability, several kinds of calcium supplements are available 13) , and the effects of high-calcium supplementation on bone have been described [14] [15] [16] . Interactions between GSPE with standard calcium administration and bone responses in the mandible 17) and tibia 18) bones have also been reported.
In the present study, we investigated the effects of a high-calcium and GSPE diet on rat metaphysis tibiae following restricted-calcium feeding (30% of calcium in a standard diet) by examining bone density, mineral content, geometry and noninvasive bone strength using three-dimensional peripheral quantitative computed tomography (pQCT) as well as examining invasive bone strength by a three-point bending test for mechanical resistance to failure using whole tibia bones.
Materials and methods

Materials
GSPE was prepared as a powder stock (Tokiwa Phytochemical Co., Ltd., Japan), the content of proanthocyanidins being more than 90%. For the GSPE diet, 3 mg of GSPE powder was added to 100 g of powder of a high-calcium diet, which was a mixture of a standard diet (74%) and Unical calcium (26%) (Universal Calcium Food Co., Ltd., Tokyo, Japan). The calcium content of the high-calcium diet was 1697 mg/100 g, while that of the standard diet was 480 mg/100 g and the low-calcium diet was 144 mg/100 g (30% of calcium in the standard diet). The components of each diet are presented in Tables 1a-1b. All diets were prepared by Oriental Yeast (Tokyo, Japan).
Animals and treatment
Male Wistar rats (n‫,)04ס‬ 5 weeks old and weighing about 113 g (maintained by Seiwa Experimental Research Institute), were randomly divided into 4 groups of 10 animals each (n‫01ס‬ in each group) and housed in small cages individually under similar conditions with a 12-hour light-dark cycle at 22‫°1ע‬C. In the control (Co) group, rats were fed the standard diet and given tap water freely for 6 weeks. In the low-calcium diet (LC) group, rats were fed the low-calcium diet and given distilled water for 6 weeks. In the low-calcium diet • high-calcium diet (LCH) group, rats were fed the low-calcium diet and given distilled water freely for 3 weeks and were then given the high-calcium diet and tap water for the next 3 weeks. In the low-calcium diet • highcalcium diet with supplementary GSPE (LCHG) group, rats were fed the low-calcium diet and given distilled water freely for 3 weeks and then fed the high-calcium diet with supplementary GSPE and given tap water for the next 3 weeks. All rats had access to food and water freely. After the 6-week feeding period, each rat was killed with thiopental sodium under deep anesthesia with diethyl ether, after which the tibia bones were extracted and fixed in 10% neutral buffered formalin. All procedures were approved by the Committee for the Use of Laboratory Animals of Kyushu Dental College, Japan.
Body weight
Body weight was recorded once each week.
pQCT measurement
We conducted pQCT, (XCT Research SA‫,ם‬ Stratec-Medizintechnik GmbH, Pforzheim, Germany) examinations, during which the bone samples were centrally located between the scanner unit source and the detector with the aid of a support. A scoutview image of the bone was first produced, and the tomographic scan was shown on the display monitor ( Fig. 1 ). The metaphysis tibia bone was scanned at a point 3 mm distal from the proximal growth plate, which consisted of a majority of the trabecular and adequate cortical components, with a voxel size of ‫64.0ן21.0‬ mm. The trabecular region was defined by peel mode 20 using 35% of the trabecular area.
Using this procedure, we determined trabecular bone density (TrBD, mg/cm 3 ), trabecular bone cross-sectional area (TrCSA, mm 2 ), trabecular bone mineral content (TrBMC, mg/mm), total bone density (BD, mg/cm 3 ), total bone cross-sectional area (CSA, mm 2 ), and total bone mineral content (BMC, mg/mm). The cortical region was determined by cortical mode 1 using a threshold value of 690 mg/cm 3 19) . Then we measured cortical bone density (CortBD, mg/cm 3 ), cortical bone crosssectional area (CortCSA, mm 2 ) and cortical bone mineral content (CortBMC, mg/mm) as well as cross-sectional moment of inertia to the reference axis y (yCSMI, mm 4 ) as a parameter of bone architecture. Stress strain index (SSI) was determined using pQCT as an assessment of noninvasive bone strength mechanical properties with a threshold of 464 mg/cm 3 19) . As a noninvasive bone strength parameter, stress strain index to the reference axis x (xSSI) was measured and then the following stress strain index equation was applied: (SSI)‫ס‬CBD • Z/NCBD [CBD: cortical bone density (mg/cm 3 ); Z: section modulus (m 3 ); NCBD: normal value of cortical bone density (1200 mg/cm 3 )].
Evaluation of bone strength
Using a material testing machine (Maruto, Testing Machine Co., model MZ-500 S., Tokyo, Japan), invasive bone strength was determined by a threepoint bending test at the mid-shaft of the tibia. The whole tibia bone was placed between the test rigs on a support so that the axial load was applied perpendicular to the midpoint of the tibia to give an accurately measured span. A three-point bending test was performed to measure stiffness (N/cm) at a constant loading speed rate of 20 mm/minute and with a load cell of 50 kgf, with a specimen span of 20 mm.
Statistical analysis
All data are expressed as means‫ע‬SD. Data were statistically analyzed by one-way analysis of variance (ANOVA), followed by a post hoc test at a significance level of 5%.
Results
All animals survived, appeared healthy, and exhibited no visible abnormalities throughout the whole experimental period.
Body weight
The body weights were not significantly different among the 4 groups for the duration of the experiment (Fig. 2) .
Bone density, cross-sectional area and mineral content
The values of all bone parameters in the LC group were significantly lower than those in the Co group (PϽ0.01), indicating that changes in LC were affected by the restriction of dietary calcium ( Table 2 ). Dietary therapy with the high-calcium and GSPE mixture diet following calcium-restricted conditions (LCHG group) resulted is significantly higher values of bone parameters than those in the LC group (PϽ0.01). The changes in all bone parameters were also significantly greater in the LCH group than in the LC group (PϽ0.01; TrCSA and TrBMC: PϽ0.05). Thus, both the calcium with GSPE mixture diet as well as the high-calcium diet alone had effects on bone parameters following a calcium-restricted condition. Furthermore, TrBD (PϽ0.05) and TrBMC (PϽ0.01) in the LCHG group were significantly higher than those in the LCH group.
Bone strength
The yCSMI, xSSI, and stiffness values in the LCHG and LCH groups were significantly higher than those in the LC group (PϽ0.01, Table 3 ), while, yCSMI (PϽ0.05) and xSSI (PϽ0.05) in the LCHG group were significantly higher than those in the LCH group. No significant difference was found between stiffness parameters in the LCHG and LCH groups.
Discussion
The active constituents in GSPE, a type of flavonoid, are proanthocyanidins, which represent a variety of flavan-3-ols, such as catechin. The GSPE used in this study was obtained from the seeds of grape plant Vitis vinifera. Other reported sources of proanthocyanidins are black and green teas, chocolate, coffee, and wine as well as many kinds of fruit 12, 20) . Unical is a commercial calcium supplement composed of a mixture of calcium carbonate and calcium citrate made from sea urchin shells, and it has been shown to have a positive effect on bone debility in rat models of bone loss as a result of a calcium deficient diet 21) . The sea urchin shell contains hydroxyapatite calcium and calcium carbonate, which is a source of calcium supplement with a calcium content of approximately 40%. Calcium citrate has a lower calcium element than that of calcium carbonate, but the former is considered to be much more soluble, which is important for achlorhydric patients. Furthermore, citrate ions may help to modulate the propensity to develop renal stones 13) . Calcium supplements are frequently given for prophylaxis and therapy for osteoporosis, though their beneficial effects have not been conclusively established 22) . Thus, the present investigation focused on the effects of calcium and calcium mixed with GSPE.
In the experimental studies, rats fed the powdered diet 12) or solution 23) of GSPE did not show an increase in body weight compared with body weight in the control group, though excessive GSPE can cause a reduction in body weight and possibly lowers food intake 12) . In the present experiments, 3 mg of GSPE added to the high-calcium diet did not increase body weight. This result suggests that an adequate amount of GSPE with added calcium improves the performance of calcium intake and storage within bones. This finding is similar to the results of study in a tissue culture by Yamaguchi and Jie 24) showing that the presence of genistein (4Ј,5,7-trihydroxyisoflavone), which is a kind of flavonoid, caused an increase in calcium content in bone tissue. Based on the ability of the pQCT system to measure trabecular bone and cortical bone separately at the metaphysis site, we found that the values for trabecular bone in the LCHG group reached the levels of the Co group, except for TrCSA, whereas cortical bone values did not. Further, both TrBD and TrBMC in the LCHG group reached and surpassed the levels in the Co group, while cortical bone density and cortical bone mineral content in the LCHG group were lower than those in the Co group. We found that changes in trabecular bone occurred earlier than those in cortical bone, a finding that is similar to results obtained by Gasser 25) , showing that changes in cortical bone density were much slower than changes in TrBD. These observations suggest that the GSPE compound caused an increase in TrBD, indicating that the process of bone formation was more active than that of bone resorption, while an increase in TrBMC indicated a bone response and facilitation of deposition of mineralized matrix, revealing that bone mass increased. In fact, cortical bone density and cortical bone mineral content measurements changed very little in the metaphysis sites. These findings suggest that GSPE may play a more significant role in trabecular bone than in cortical bone in metaphysis tibia bones, similar to previous finding in our reports 17, 18) . By applying bone densitometry techniques 26) and using pQCT, it is possible to determine the mechanical properties of whole bone specimens 27) . Changes in the biomechanical properties of bones can be assessed by mechanical testing and pQCT 28) ; however, Van der Meulen et al. 29) reported that there is no alternative to testing whole bone strength based solely on geometry or bone mineral content. In the present study, whole tibia bone quality was determined using a three-point bending test as an invasive assessment, while pQCT was utilized for a noninvasive assessment. We considered that the parameters of bone strength used (noninvasive measurement by pQCT represented by yCSMI and xSSI in the metaphysis) to be good predictors of bone strength of the whole bone. Thus, we utilized the three-point bending test of the whole tibia bone (invasive measurement) to measure stiffness, and the yCSMI, xSSI and stiffness values in the LCHG group were found to be the highest. These findings revealed that the progress of bone strength in GSPEtreated bone had increased.
Antiresorptive activity of GSPE has been attributed to antioxidants present in its flavan-3-ols such as catechin that show free radical scavenging activity 30) . It is also well known that free radicals promote calcium resorption within bone 31) . Studies on enzymes have demonstrated that proanthocyanidin inhibits proteolytic enzyme 32) , and that proteolytic enzyme plays an essential role in initiation of bone resorption 33) . Thus, it is considered that GSPE has a potential role in the inhibition of bone resorption.
In our study, the TrBD, TrBMC, yCSMI and xSSI values in the LCHG group were significantly higher than those in the LCH group. The results suggest that the process of bone formation and progress of bone strength were promoted more by treatment with GSPE added to a high-calcium diet than by a high-calcium diet alone.
